Pig kidney aldehyde reductase is a monomeric NADPHdependent oxidoreductase that catalyses the reduction of a variety of aromatic, aliphatic and sugar aldehydes to their corresponding alcohols (Bosron & Prairie, 1972; Flynn et al., 1975) . The enzyme is one of a group of widely distributed aldo-keto reductases (Bosron and Prairie, 1973; Bachur, 1976;  Davidson et a/., 1978), all of which have similar, but not identical, characteristics. The most thoroughly characterized aldehyde reductases to date are those from mammalian sources, namely pig kidney Davidson and Flynn, 1979a; Morpeth & Dickinson, 1980) , pig liver (Branlant & Biellman, 1980) (1972) 1, but it is currently referred to by workers in the field as NADPH-dependent aldehyde reductase from a specific organ and species. Aldehyde reductase is intrinsically interesting enzymologically. Its single-subunit nature makes it a model for the study of nicotinamide-nucleotide-coenzyme-enzyme interactions without the complications of additional subunits. The enzymes are also interesting from an evolutionary point of view.
Present address: Department of Biochemistry, University of Connecticut Health Center, Farmington, C T 06032, U.S.A. Vol. 9 Compositional studies have shown aldehyde reductases to be the most rapidly evolving family of oxidoreductases (Davidson & Flynn, 19796) , and it has been speculated that monomeric oxidoreductases such as aldehyde reductase and octopine dehydrogenase may be representative of a link between ancestral dehydrogenases and present-day existing oligomeric dehydrogenases Wermuth et al., 1977) . Further evidence on this aspect will come from amino-acid-sequence studies on pig kidney aldehyde reductase (T. G. Flynn, unpublished work) .
Aldehyde reductase also provides a model for examining the mechanism of action of an oxidoreductase at the single-subunit level. The kinetic mechanism of pig kidney aldehyde reductase is ordered BiBi, with NADPH adding first (Davidson & Flynn, 19794 , although a more complex mechanism has been suggested for the human liver enzyme (Wermuth & von Wartburg, 1979) . In relation to these studies, and to form a base for determining the chemical reaction mechanism, we and others (Wermuth et al., 1977; Morpeth & Dickinson, 1980) have begun examining essential residues at the active site.
Chemical-modification studies
Arginine. This amino acid has been located at the nicotinamide-coenzyme-binding site of many oligomeric dehydrogenases (see, for example, Borders Lange et al., 1975; Ehrlich & Colman, 1978) . It has been suggested that a major biological function of arginine may be interaction with phosphorylated substrates and coenzymes (Riordan et al., 1977) . There are several apparently selective chemical reagents for the modification of arginine residues, and Davidson & Flynn (1979~) took advantage of butane-2,3-dione for the modification of pig kidney aldehyde reductase. The enzyme was rapidly inactivated by the reagent, and it was 274 BIOCHEMICAL SOCIETY TRANSACTIONS shown by amino acid analysis that a single arginine residue was modified. Aldehyde reductase was not inactivated by butane-2,3dione when either NADPH or NADP was included in the reaction mixture, but, as might be expected from an enzyme having an ordered mechanism in which substrate cannot bind in the absence of coenzyme, substrates like D-glyceraldehyde and 3-pyridinealdehyde had no effect on the inactivation process. When chemical modification was attempted in the presence of the coenzyme analogues nicotinamide mononucleotide (reduced form) [NMN(H)l and 2'-monophosphoadenosine 5'-diphosphoribose (Rib-P,-Ado?), representing opposite portions of the NADPH molecule, only Rib-P,-Ado? was effective in protecting aldehyde reductase from inactivation. These results indicated that a single arginine residue was essential for the binding of NADPH to aldehyde reductase. However, it was shown in that study that this functional arginine residue did not actually bind the coenzyme NADPH. Fluorescence spectra of NADPH in the presence of native enzyme and in the presence of chemically modified aldehyde reductase showed identical quenching and blue shifts of the emmission maxima. Also, butane-2,3-dione-modified aldehyde reductase was able to bind and be eluted by NADPH from a Blue Dextran-Sepharose 4B column in a manner identical with that shown by the unmodified enzyme. Thus, despite modification of an arginine residue essential for enzymic activity, aldehyde reductase was still capable of binding NADPH. It appears therefore that the single essential arginine residue in aldehyde reductase, although at or near the active site, does not serve in a binding capacity for NADPH. It may be speculated that in pig kidney aldehyde reductase this arginine residue serves to orient the coenzyme into position for binding and subsequent ternary-complex formation.
Lysine. Chemical modification with pyridoxal 5'-phosphate resulted in almost complete inactivation of pig kidney aldehyde reductase . Protection from inactivation by pyridoxal 5'-phosphate was afforded by NADPH, Rib-P,-Ado? but not by NMN(H) or substrates, indicating that lysine residues are essential for the activity of aldehyde reductase and are located at or near the coenzyme binding site. After reaction of the enzyme with pyridoxal 5'-phosphate and reduction of the resulting Schiffs base with NaBH,, it was demonstrated by measuring A,,, and employing a suitable absorption coefficient (McKinley-McKee & Morris, 1972 ) that a single lysine residue was modified. In addition, pyridoxal 5'-phosphate-modified aldehyde reductase was shown by equilibrium binding dialysis and by fluorescence spectroscopy not to bind NADPH. It appears therefore that the single essential lysine residue in pig kidney aldehyde reductase is involved in the binding of coenzyme. Moreover, protection from inactivation by Rib-P,-Ado? indicates that it is this portion of the NADPH molecule that is bound by lysine. This also suggests that the essential lysine residue interacts with the pyrophosphate bridge of NADPH, and there is some indirect evidence for this. We have subjected pyridoxaL5'-phosphatemodified aldehyde reductase to tryptic digestion and we have isolated and sequenced a small peptide containing pyridoxal-&-lysine. The sequence of this peptide is shown in Table 1 . When this sequence is aligned with sequences from other oxidoreductases known to interact with the pyrophosphate bridge of the coenzyme, considerable homology is evident.
There is therefore, some evidence to suggest that the essential lysine residue in pig kidney aldehyde reductase interacts with the pyrophosphate bridge of NADPH. It is interesting in this context that Wermuth et al. (1979) have shown reactive amino groups to be present at the coenzyme-binding site of aldehyde reductase. Causing the human liver enzyme to react with the monofunctional n-alkane methylimidates and analogous bifunctional imidoesters, Wermuth et al. (1979) obtained results that suggest the presence of at least two reactive amino groups at the coenzyme-binding domain. The specific nature of these groups was not determined, but from work done in our laboratory, it is possible that at least one of the reactive amino groups of the human liver group is representative of the essential lysine residue found in pig kidney aldehyde reductase.
Histidine. In contrast with the results of Morpeth & Dickinson (1980) we have recently accumulated evidence suggesting that a single essential histidine residue is present in pig kidney aldehyde reductase. Treatment of aldehyde reductase with diethyl pyrocarbonate in Mes (4-morpholine-ethanesulphonic acid) buffer, pH 7.0, in preference to phosphate (Meyer & Cromartie, 1980) resulted in a rapid inactivation of the enzyme. Correlation between the rate of loss of activity and the rate of reaction, measured spectrophotometrically at 242 nm with diethyl pyrocarbonate, could be extrapolated to show that complete loss of activity correlated with the reaction of one histidine residue per molecule of enzyme. In a study of the pH-dependence of the rate of inactivation of aldehyde reductase over the range pH5.5-7.0, it was shown that the loss in enzymic activity followed the deprotonation of a single group with a pK, of 6.7, a value suggestive of reaction of the reagent with histidine. Evidence for the location of the essential histidine residue within the active site was provided by the pattern of protection against loss of activity by various ligands. NADPH, NADP and Rib-P,-Ado-P and adenosine 2',5'-diphosphate, which are competitive with the nicotinamide-nucleotide coenzymes, all gave complete or almost complete protection to inactivation by diethylpyrocarbonate, whereas NMN(H) and substrates afforded no protection to inactivation by the reagent. In addition, it was shown by fluorescence spectroscopy that after enthoxyformylation, pig kidney aldehyde reductase was indicates the lysine residue that is modified by pyridoxal 5'-phosphate. The numbers above the other residues refer to the position of the residue in the amino acid sequence. unable to bind NADPH. The results obtained so far suggest that the modified histidine residue is in, or near, the coenzyme site, and the protection by inhibitors competitive with NADPH suggest that it is in the region of the binding site for adenosine ribose and distal to the site of hydride transfer.
Thiol groups. The role of thiol groups in the activity of mammalian aldehyde reductases is not at all clear. From the amino acid composition, depending on the source of the enzyme, three to six cysteine residues are present per molecule of enzyme (Davidson & Flynn, 19796) . Flynn et al. (1975) found that four of the five cysteine residues in pig kidney aldehyde reductase reacted with pchloromercuribenzoate (PCMB) at pH 7.0 with no resulting loss of catalytic activity. The addition of high concentrations (a 50-fold excess over thiol groups) of PCMB were required to cause complete inhibition. In studies with the human liver enzyme, Wermuth et al. (1977) found that reaction of PCMB with the most reactive thiol group did not cause inactivation. The addition of concentrations of PCMB in excess of 2 or more equivalents per mol of SH groups resulted in turbidity and an inability to monitor the reaction spectrophotometrically. It is noteworthy that in a re-examination of the role of thiol groups in the activity of pig kidney aldehyde reductase we have encountered the same phenomenon. We have been exploring the possibility that the denaturation that occurs is due to intramolecular disulphide-bond formation, which has been suggested to occur with other oxidoreductases when they are titrated with disulphide-interchange reagents (Wassarman & Mayor, 1969; Rippa et al., 1978) . In a recent paper, Morpeth & Dickinson (1980) reported that reaction of pig kidney aldehyde reductase with high and low concentrations of 5,5'-dithiobis-(2-nitrobenzoate) (Nbs,) results in modification of one thiol group per molecule of enzyme. The inhibition of the enzyme at high concentrations of Nbs, is attributed to the reagent acting as a reversible inhibitor separate from its thiol-modifying role.
Conclusions
It is clear that much more work is needed to determine the amino acid residues involved in the mechanism of aldehyde reductase. However, a beginning has been made and investigations to date implicate an essential histidine, lysine and arginine residue at the coenzyme-binding site. Elucidation of the substrate-binding site will be more difficult and awaits the discovery of a substrate analogue capable of forming nonproductive binary and ternary complexes. The absence of a metal ion in aldehyde reductase (Morpeth & Dickinson, 1980, dehydrogenase, an enzyme catalysing a similar reaction and closely related from an evolutionary point of view (Davidson & Flynn, 1979b ). This contrast is of considerable interest and remains a fascinating prospect for future study.
Introduction
Haem and related compounds play a vital role in the harvesting and utilization of biological energy, and this has resulted in an intense interest in the biosynthesis of the tetrapyrrole macrocycle (see, e.g., Battersby et al., 1980). The same interest has not been shown in the haem catabolic pathway, which, in most phyla consists of the single step of ring cleavage to form the green pigment biliverdin IXa (O'Carra & Colleran, 1977) . However, mammals possess a specific NAD(P)H-dependent reductase that transforms the apparently innocuous biliverdin IXa to the potentially toxic bilirubin IXa, which then requires glucuronidation before elimination in the bile (Bissell, 1975) . It has been suggested that this may represent ' VOl. 9 a mechanism for eliminating biliverdin IXa from the mammalian foetus, although the evidence is conflicting (Maines & Kappas, 1977; O'Carra & Colleran, 1977; Krasner et al., 1971) .
Under normal conditions, haem oxygenase catalyses the rate-determining step in haem degradation, and biliverdin reductase is considered to play no regulatory role. However, reports of pronounced substrate inhibition by biliverdin IXa, particularly potent with NADPH as cofactor (O'Carra & Colleran, 1977) prompted us to examine the kinetics of biliverdin reductase. Since previous workers had reported little success (Singleton & Laster, 1965; Tenhunen et al., 1970; O'Carra & Colleran, 1971; Watt & O'Carra, 1976) we first undertook to purify the enzyme.
Purification of biliverdin reductase
Cytosol from 200g of ox kidney, prepared in 2 5 0 m~-sucrose/lomM-sodium phosphate/2 mM-EDTA, pH 7.2, was
